Amino acid metabolism and transport was investigated in the leaves of 3-week-old nonnodulated seedlings of Pisum sativum L. Xylem sap entering the shoot contained nitrate (about 5 millimolar), and amino compounds (11 millimolar) of which 70% was asparagine plus glutamine; aspartate and homoserine were also present. Mature leaves showed stable nitrogen levels and incoming nitrogen was redistributed to growing leaves. Younger leaves, still enclosed in the stipules, showed negligible rates of transpiration, suggesting that most of their nitrogen must arrive in the phloem.
"C-Labeled amides and amino acids were supplied to detached shoots through the xylem, and metabolism and redistribution were followed over 12 hours in light. Asparagine entering mature leaves was reexported directly to young leaves, with relatively little metabolic conversion. Substantial amounts of glutamine were converted to glutamate, which was exported (with unchanged amide) with little further conversion. The pattern of redistribution was confirmed when "C-labeled amino acids were applied directly to the under surface of mature leaves. Labeled compounds were found in the phloem exudate from treated leaves, and the composition resembled the pattern of labeling in the compounds arriving in the young developing leaves. from mature to developing leaves was not followed in detail, nor were labeled compounds recovered in the developing leaves identified. Export from the mature leaves of label from amino acids (applied as tracers to the leaf surface) has been demonstrated in several plants (1 1, 20, 22) .
In P. sativum seedlings, the xylem sap contains a mixture of nitrate and organic nitrogenous compounds, mainly asparagine and glutamine, but also homoserine, asparate, and a few other amino acids (4, 25) . Experiments with lWN-labeling showed that pea leaves utilize the nitrogen from nitrate and from asparagine and glutamine for further amino acid metabolism (5) . In these pea seedlings, the young leaves of the vegetative apex are enclosed within the stipules of the next oldest, expanding leaves, and there is little transpirational flow to the apical leaves. Young pea leaves are therefore a useful system in which to study redistribution of nitrogen from the mature leaves.
Uptake and redistribution of 14C-labeled amides, the major nitrogenous compounds in the xylem of pea (25) , was followed in mature, expanding, and immature leaves of nonnodulated plants over 12 h in the light, after supply to the shoot in the transpiration stream. Movement of amino acids from mature leaves to immature leaves and other parts of the plant was investigated by application of 14C-labeled amino acids to the lower surface of mature leaves.
Nitrogen required for growth of plant shoots is transported from the roots via the xylem as a mixture of nitrate and organic nitrogen, the proportions varying with species and conditions (17) . Mature leaves (vigorously transpiring) receive most of this xylemborne nitrogen (8, 19) . Nitrogen levels stabilize in fully-expanded leaves (4) and therefore much of the incoming nitrogen must be reexported. Developing leaves, vegetative apices, and fruiting structures are major sinks for nitrogen for amino acid and protein synthesis but, since they have relatively small surface areas, the requirements cannot be met by transpirationally-derived nitrogen. They must depend on amino acids transported from the mature leaves, presumably in the phloem.
Transfer of nitrogen from mature leaves to fruiting structures was demonstrated in Pisum sativum (14) and Lupinus albus (18) using ['5N]NO3 supplied to cut ends of stems. Redistribution of amino acids from leaves to fruiting structures has also been shown (3, 14) and transfer of amino acids from xylem to phloem of L. albus pods was studied in detail (16, 23) . In nonfruiting plants transfer of "C-labeled amino acids from older to younger leaves was demonstrated in Pisum arvense (19) and beet (11) . In these studies with vegetative plants, the (21) .
Labeling Experiments II. "C-Labeled amino acids were applied individually to a 2 x 2 mm area of the lower epidermis of leaf 4 (Stage 7, just fully expanded) as described (25) was determined after extraction in 80%o (v/v) acetone (1) . Aqueous samples were counted by liquid scintillation spectroscopy. Radioactive compounds on paper were located with a Packard Radi- ochromatogram Scanner, Model 7201, and were eluted with 60%o (v/v) ethanol for estimation of radioactivity. Radioisotopes were supplied by The Radiochemical Centre, Amersham. HSA was prepared from [U-"C]asparagine (15) . All other chemicals used were reagent grade.
RESULTS
Growth and Expansion of Leaves. Pea leaves (leaves 4-7) developed through a series of morphologically distinct stages characterized by unfolding first of the stipules then of the leaflets (Fig.  1 Transpiration Rates. Rates of water loss from detached shoots over 2 to 3 h in the middle of the light period were 0.4 to 0.7 ml/ h per shoot. These rates were only slightly less than for intact shoots over the 12-h light period (8-10 ml/shoot). Mean water loss from detached leaves was 0.097 ml/h for half-expanded leaves (Stages 4-5) and 0.14 ml/h for fully expanded leaves. The summed rates of the detached leaves equalled the total water loss from the shoot. Comparison ofrates ofwater loss, initially and after excision of the young leaf, showed that when the young leaf was still completely enclosed within stipules of the older leaf, its removal gave no change in transpiration rate of the shoot. On the other hand, when the young leaf was partially or fully exposed (Stage 3 onward), there was, after its excision, marked reduction in overall water loss from the shoot.
Xylem-borne Amino Acids. In the first labeling experiments, either asparagine or glutamine was fed as a 30-min "pulse" via the transpiration stream. In the fully expanded leaves (Leaves 3 and 4), the rapid initial rise in label in the ethanol-soluble fraction was followed by a decline within 6 h to about half of the maximum level (Fig. 3) . A very small amount of label was recovered in the insoluble fraction of these leaves. In the expanding leaves (Figs.  3, A tivity did not subsequently decline, however, but remained high for the next 5 h. Incorporation of radioactivity into the insoluble fraction of Leaf 5 was considerable, the levels rising steadily during 12 h. In the immature leaves still enclosed within stipules, radioactivity did enter these leaves, mainly in the soluble fraction in the first 2 h (Fig. 3, Leaf 6) ; thereafter, label in the insoluble fraction increased gradually while that in the soluble declined slowly. The amount of radioactivity liberated from the insoluble fraction by protease digestion or I N NaOH extraction was identical, and indicated that protein accounted for 90%o of the insoluble label in mature leaves and 95% in young leaves.
When asparagine was tracer, label recovered in the ethanolsoluble fraction of fully expanded leaves (L3, L4) was mainly still asparagine (Fig. 4) . Changes in total radioactivity in these leaves was almost completely a reflection of change in asparagine labeling. In the expanding leaf (Fig. 4, L5) , asparagine initially (1 h) accounted for 89% of the total. Although asparagine remained the main labeled compound, there was with time considerable incorporation into protein, some other amino acids, and the organic acid fraction. HSA was the main compound labeled in the latter fraction. In the young leaf (L6), over 90%o of the radioactivity initially entering the leaf was asparagine. Later there was incorporation of label into other soluble compounds and protein.
When glutamine was the tracer, the amide was largely metabolized to glutamate in all samples analyzed (Fig. 5) . In mature and expanding leaves (L3, L4, L5), most of the label in the first hours was glutamate (plus amide) and these components subsequently decreased; label was also incorporated into some other soluble compounds and protein. In the immature leaf (L6), 87% of the label was in the amino acid fraction in the first hour. Radioactivity in the insoluble fraction increased later.
Fate of Leaf Amino Acids. When asparagine, glutamine, aspartate, and glutamate were applied as tracers to the surface of fully expanded leaves for 2 h, most of the radioactivity supplied was recovered in the plant (98, 88, 74, and 84% respectively). Little was recovered in washings from the leaf surface (4, 15, 2, and 4% of the supplied activity respectively). In all four cases, 80 to 90% of the label recovered in the plant remained in the treated leaflet (Table I) . Most of this was in the soluble fraction, but 5 to 15% was recovered in the insoluble fraction of the fed leaflet. Some radioactivity was also recovered in the young leaves (L5, L6), the root, and the rest of the plant.
The data shown are for intact plants growing in nutrient solution. For comparison with the xylem-fed shoots of the first group of experiments, detached shoots were also used. The results (not shown) were almost identical; most of the applied label was recovered still in the treated leaflet, but some was transported to the young leaves and the rest of the shoot. Since the lack of roots eliminated one of the main sinks, there were of course slight differences in proportions of label recovered in the young leaves and other parts of the shoot.
Further analysis of the soluble compounds of the treated leaflet and the young leaves showed (Table II) that when asparagine was the tracer, most of the label in the treated leaflet after 2 h was still in asparagine (66.9%), the rest in a few other amino acids and HSA. In the young leaves, again most of the label was in asparagine (58.4%). In the roots (data not shown) almost all of the soluble radioactivity was asparagine (92%).
With glutamine as tracer, most of the labeled glutamine was metabolized in the treated leaflet. Label was mainly recovered as glutamate, a few other amino acids (notably GABA), and the organic acid fraction (five compounds, not identified). Label recovered in the young leaves was again mainly glutamate, and radioactivity was also present in the organic acid fraction and protein. In the roots, 79 to 80% of the soluble radioactivity was in amino acids; 16 to 20%1o organic acids. Of the amino acids, 42% was in glutamate, 19.3% in glutamine plus homoserine, 13.2% in GABA, 10% in asparagine, and 9.6% in asparatate.
Aspartate fed to mature leaves was extensively metabolized. Label in these source leaves was recovered mainly in the organic Table II . Labeling of Pea Leaf Components Following the Supply of Labeled Amino Acids to the Surface of a Mature Leaf "4C-Labeled amino acids were fed to the fourth leaf of intact plants for 2 h in the light. Samples were taken and extracted as described in Table I .
Radioactivity in the soluble compounds was estimated. Data are shown for (T) treated leaves (Leaf 4), and (Y) young leaves (Leaves 5 + 6). Amino acids in Asn-and Gln-labeled leaves were separated with an amino acid analyzer, and in Asp-and Glu-labeled leaves by paper electrophoresis and chromatography. The values are percentages of radioactivity recovered in soluble plus insoluble fractions of each leaf sample. single peak owing to incomplete acid fraction (43%, five major compounds), homoserine, glutamine, alanine, and a few other compounds. In the young leaves, very little label was found in aspartate, but 45% of the label was in amino acids (of which 13% was glutamate), 32% was in organic acids, and 18.6% insoluble material. Metabolism of applied glutamate was also quite extensive. In the treated leaflet, only 22 .9% of the radioactivity remained as glutamate. GABA was a major metabolite, compounds in organic acids and neutral fractions also becoming labeled. In the young leaves, about 15% of the label was in glutamate, and no label was recovered in GABA.
Phloem Exudate. Asparagine or aspartate (14C-labeled) was fed to detached pea leaves, and phloem exudate collected after 2 h exudation. Tables III and IV show analyses of soluble fractions of the fed leaf and phloem exudate and compare fed leaf and young leaves of intact plants. Small differences were apparent but, for both asparagine and aspartate, the labeling patterns of the fed leaves in both types of experiments were very similar. Phloem exudate and young leaves were also alike. In asparagine-feeding experiments (Table III) , the major labeled compound in both phloem and young leaves was asparagine, 59.7 and 63.5% of the soluble fraction respectively. Aspartate was labeled in the phloem, 4-to 5-fold higher than in the young leaves. About 14% of the soluble label was in organic acids in the young leaves, compared to only 1.4% in the phloem. Little else was labeled in either phloem or young leaf. When aspartate was tracer (Table IV) , most of the aspartate was metabolized and about 50% of the soluble label was in organic acids after 2 h. Comparison of phloem and young leaves showed that aspartate was 4-fold more strongly labeled in the phloem. Although radioactivity was recovered in organic acids in the phloem, label was 2-fold higher in the young leaves.
DISCUSSION
Nitrogen Requirements for Developing Leaves. Nitrogen status and other growth parameters in pea leaves (Fig. 2) were readily correlated to the developmental stages shown in Figure 1 . Since mature (fully expanded, Stage 7 onwards) and half-expanded leaves (Stages 4-5) were shown to transpire vigorously, they would receive nitrogen from the xylem. In peas of this age, the xylem bleeding sap was a mixture of amino acids ( 1 mm N, 70%o amide) and nitrate (4 to 5 mm N), a total of 0.015 ,tmol N/,tl xylem sap (25) . The following calculations did not include ureides, present only in trace amounts (25) .
Fully expanded leaves reached maximum nitrogen levels ( (Table V) . These estimates show that transpiration could provide only about one-third of the nitrogen required for expanding leaves and very little of that for young leaves. The balance must come from mature leaves by redistribution, as amino acids, present in the phloem (25) . Since the nitrogen Nitrogen requirements for immature, expanding, and mature leaves were calculated from the daily nitrogen increments shown in Figure 2 .
Supply of nitrogen to these leaves was estimated from the xylem sap contents and measured transpirational flow to the leaves. levels in mature leaves are stable (Fig. 2) , all of the nitrogen entering these leaves is available for redistribution; a total of 1.716 mg N/d would be available from leaves 1 to 4 (Table V) , an amount in excess of that required by the growing leaves (5 and 6) together (866 Metabolism of Labeled Amino Acids in the Shoot. In the present study with peas (nonnodulated and nonfruiting), differences in the extent of metabolism and reexport of different amino compounds were noted, following their supply via the xylem or directly to mature leaves. There was relatively little metabolism of asparagine in mature leaves (Fig. 4 , Tables II and III) , although metabolism, particularly to organic acids, was more pronounced in rapidly expanding leaves (Fig. 4, L5) . In both mature and rapidly expanding leaves, the major organic acid, HSA, presumably resulted from the action of asparagine transaminase which is present in pea leaves (10, 15) . In the expanding leaves, there was considerable incorporation of label from asparagine into protein, which become the major labeled component of younger leaves (Fig. 4, L6) .
Glutamine, fed through the xylem or applied to the leaf surface of peas, was converted largely to glutamate in all ages of leaves ( Fig. 5 ) but was more extensively metabolized in expanding and young leaves (Fig. 5 , Table II ). Glutamine is probably metabolized by glutamate synthase, shown to be present in pea leaves (13) .
Aspartate and glutamate, supplied to the leaf surface, were extensively metabolized in mature and young leaves. Label was transferred in the treated leaves from aspartate to homoserine, and in particular to the organic acid fraction, evidence of aspartate transamination (Tables II and IV) . Glutamate, in pea, was readily metabolized, largely to GABA, the organic acid fraction, and neutral compounds.
These results were similar to those reported for fruiting lupin (14, 16, 23) where xylem-borne amino acids have been grouped according to the rapidity of transfer from xylem to phloem and the extent of metabolism to other compounds. Asparagine is rapidly transferred to phloem with little or no conversion. Aspartate and glutamate belong to the group from which carbon is transferred more slowly to phloem, with little as the original tracer compound. Glutamine is intermediate in both rapidity of transfer and extent of metabolism in lupin (2, 16, 23) and in soybean (22) .
Uptake and Redistribution of Xylem-borne Amino Acids. The first feeding experiments, in which 14C-labeled amides were supplied to the shoot in the transpiration stream, showed that the xylem-borne amides were rapidly transported into transpiring leaves, and were then reexported from the mature leaves (Fig. 3) . The mature leaves did not accumulate nitrogen (Fig. 2) but some turnover or exchange with the existing leaf pools occurred, since radioactivity was not totally flushed from the leaf after the initial "pulse" of label had passed. These leaves appear to play a considerable role redistributing the amino compounds that arrive from the root. The largest of the expanding leaves rapidly accumulated labeled carbon, presumably due to the direct arrival of xylemborne amides. Levels of soluble radioactivity, however, remained high while extensive incorporation into insoluble material occurred, suggesting a later continuing influx from the older leaves. The younger leaves were not transpiring but nevertheless accumulated radioactivity while labeled carbon was being exported from mature leaves. The second group of experiments, in which label was supplied directly to the surface of mature leaves, verified amino acid export to young leaves, roots, and stems (Table I) . Again, asparagine was not extensively metabolized in the mature leaf and was the main compound recovered in the young leaves, sugggesting that it was reexported directly. Glutamine was metabolized extensively to glutamate in the supplied leaf and the recovery of glutamate as the main component of the young leaves suggested transport in this form.
Previous work suggests that metabolism and phloem loading of labeled amino acids is relatively unimpaired when phloem exudation from detached leaves is promoted by EDTA treatment (25) . Analysis of such phloem exudates indicates a selective loading and transport of amino acids. When labeled asparagine was the tracer,there was selective accumulation of asparagine (and aspartate) in the phloem, whereas labeling of the organic acids was low compared to the content of the supply leaf (Table III) . Label from aspartate accumulated in the leaf as organic acids, yet aspartate and other amino acids were enriched in the phloem (Table IV) . With both tracers, labeling of the phloem exudate resembled the pattem in the young leaves (Tables III and IV) .
Serine, a major phloem component (14, 25) was scarcely labeled from any of the amino acids tested. The usual source of carbon for serine is, however, C02-fixation (14) . Homoserine is also present in both xylem and phloem (25) and some label from aspartate was recovered in homoserine (leaves) or in the homoserine plus glutamine peak (phloem) ( Table IV) . Analysis of phloem exudates and young leaves (Tables II, III , and IV) strongly suggests that transfer of label from the xylem-bome amides (and related amino acids) was mainly to asparagine, aspartate, and glutamate, the main amino compounds in the phloem (25) .
The observations and calculations therefore indicate that much of the xylem-bome amino acids (particularly amides) arriving from the root first enter the mature leaves. They are then reexported in phloem to contribute to the nitrogen requirements of the growing leaves, either relatively unchanged (asparagine) or after some metabolic interconversion (glutamine).
